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PREFACE

The final report of the Optical Technology Apollo Extension System prepared for
NASA/Marshall Space Flight Center under Contract Number NAS8-20256 is presented
in three volumes. The study was a team effort by Chrysler Corporation Space Divi-
sion (prime contractor), Kollsman Instrument Corporation, and Sylvania Electronics

Systems.

The OTAES team gratefully acknowledges the help given by the NASA Ad Hoc working
group during the course of this study.



SUMMARY REPORT
THE OPTICAL TECIINCLOGY APOLLGC EXTENSION SYSTEM

I. INTRODUCTION

Scientists, fascinated by the potential of space, have been preparing for space
science long before the potential was close to becoming a reality. Leo Goldberg(l)
says that his first encounter with space astronomy was in 1937 at the Harvard College
Observatory where M. N. Saha described the advantages of solar observations from
space.

More recently, the advantages of space for a host of scientific disciplines have be-
come well known. But realizing these advantages requires more than moving ground-
based technology to space. New technology must be developed. A key area in this
development is space optics. The study reported herein attempts to identify the tech-
nological requirements for space optics and to present a blueprint for an orderly and
logical development of this technology.

Telescope

One of the most important and versatile of optical tools is the telescope. Traditionally,

it is the astronomer’s tool. But in space the telescope extends into other fields —
meteorology, communications, and earth remote sensing. For many of the planned

firtirna annan micainana  +tha haoi Tncatriirnm nnf Mt ]] lr\a a ]nvrra nwh1f1nn‘ fn]ocnnno Tnrdaxr
(2018 - CLRY,
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it is possible to build and orbit a large telescope around the earth; but before spending
the great amount of time and money necessary for this project, consideration should
be given to the design and supporting systems of such a telescope. Questions remain
unanswered today. How would various mirror constructions and materials react to
the thermal and zero gravity space conditions? What is the best way to stabilize a
telescope in space? And what are the special problems that each method of stabiliza-
tion will raise? To identify the optical problems and to begin to propose solutions to
these optical problems will take not only years of study, but also years of experimen-
tation both on the ground and in space.

OTAES

The Optical Technology Apollo Extension System study, which is directed specifically
to optical technology, attempts to provide NASA with a plan for technology develop-
ment in optics. The study outlines the problem areas of optical technology, develops
various solutions, and presents the means of implementing the solutions. Some tech-
nology can be developed and fully evaluated on the ground; but to achieve complete
evaluation for other technology, the development program must include space testing.

Where space testing is a necessary step in tecnnological development, the OTAES
study proposes such space experiments, The ground research program coupled with

(1) Leo Goldberg, “The New Astronomies’”, International Science and Technology,
August 1965, pp. 18-28.




the successful completion of these experiments will make it possible to transform
today’s scientific objectives into tomorrow’s realities.

Approach

The technical approach of the OTAES study has been to proceed logically step by step,
starting with future NASA objectives and ending with a development plan which, if
followed, will lead to the ability to achieve the projected NASA scientific objectives.

The steps are:

1.

Determine and document future NASA objectives in the application areas of
astronomy, meteorology, earth remote sensing, and optical communications,
Scientific articles and industrial reports were the sources for the objectives.

Determine the possibility of satisfying the objectives with present technology.
If not possible, determine the areas where optical technology development is
required to improve present instruments or create new instruments which
will satisfy the objectives.

Develop space experiments which, if successful, will advance optical
technology. Justify each experiment on its own merits in terms of:

(a) Contribution and need.
(b) Need for space testing.
(c) Feasibility.

~

Some experiments were considered, and it was determined that they did not
require space testing. However, they are still important to the development
of optical technology. The ground development program of these experiments
and the reasons why they do not require space testing were developed.

Analyze each experiment in terms of its impact on the other experiments and
the entire OTAES system; for example, consider each experiment in terms
of thermal control and power. This leads to evaluation of different means of
operation and recommendation of preferred systems.

Develop an overall technology plan which will start at the present day and
end when the technology level satisfies the objectives of step 1. Included in
the plan are key development milestones in the earth-based program,
schedules for each individual experiment, and master plan alternatives for
the overall OTAES,




II. OPTICAL TECHNOLOGY NEEDS

To establish general optical technology requirements, each of the four application
areas, astronomy, meteotology, earth remote sensing, and optical communications,
was analyzed in terms of both observational objectives and the technological needs to
satisfy these objectives. Figure II-1 shows the results of this analysis. The relation-
ship between technology requirements and individual observations associated with the
four application areas is given.

By comparing technology requirements to support the observations with the state-of-
the-art capabilities, the deficiencies are used to generate the required technological
development. The major purpose of this study has been to determine the required

technological development and to formulate a plan whereby this development is
achieved.
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III. MAJOR OBJECTIVES DEVELOPMENT PLAN

One purpose of the OTAES study is to provide NASA with the comprehensive plan for
the fulfillment of optical-related space science objectives. As a guide, the OTAES
technology development plan used two broad NASA goals: a 3-meter manned orbiting
telescope, and an interplanetary optical communications system. Most of the optical
technology needs of the objectives, detailed in the first part of the OTAES study, are
satisfied by the achievement of these two goals.

A summary development plan was laid out for these two goals. Figures III-1 and

III-2 are the plans for the manned orbiting telescope and interplanetary optical com-
munication system, respectively. Specific OTAES experiments as well as prerequisite
ground-based testing to support these experiments appear in this schedule plan.
Ground-based testing not related to the OTAES experiments is identified by indicating
specific technological areas in which such testing will be necessary. These tests,
however, have not been time-phased.

It is evident by inspecting these plans that the OTAES experiments, once justified,
comprise a necessary step in the attainment of these planned goals. The technology
advancements required to attain the long range goals are of such magnitude and com-
plexity that a technology quantum jump approach does not appear feasible, and that
space experiments are a logical step to ensure continuous technology advancement in
all disciplines. Furthermore, the interdependence of the experiment data, as evidenced
by the relationship of each experiment to different technology areas, indicates the need
for simultaneous experiment periormance in order ito fuily use ilié resulting data.

This fact indicates that although the experiments can be designed to be flown singly
and independently, much more could be gained by launching them in groups on a single
vehicle or in closely timed launches.

3-1
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IV. RECOMMENDED OTAES EXPERIMENTS

While generating the technology development plan, it was found that not all of the
technology requirements can be satisfied with a ground-based development program,
This led to the definition of a space experiment program to complete the technology
development, Each experiment was defined and developed by specialists in the parti-
cular technological area. Each specialist was asked to justify his experiment on the
basis of its contribution to the scientific objectives, need for space testing, and feasi-
bility. The experiments were designed to the level of conceptual detail required to
provide a basis for experiment integration.

A schedule was developed for each recommended OTAES experiment. These schedules
were classified into two parts: the research and development activity which is necessary
before entering the preliminary design phase, and the activity ranging from preliminary
design through fabrication.

Specific research and development milestones were identified, These are described
under the headings of OTAES Prerequisite Technology Digests for each specific experi-
ment,

Each experiment development schedule lists the major assemblies/subsystems that are
experiment peculiar. All of the telescope associated experiments list the respective
telescope(s) even though the specific experiment may not be the prime user of the
telescope(s) . Other support or interdependent subsystems are treated in the prime
experiment to avoid redundancy where possible. Where it is possible to do so, refer-
ences indicating specific support required appear in lieu of a relisting of the major
assemblies/subsystems,

The rest of this section contains a brief summary of each experiment, the experiment
schedule, and the prerequisite technology digest.
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Optical Heterodyne Detection on Earth,
Optical Heterodyne Detection on the Spacecraft.

Direct Detection Space-to-Ground,
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1. Optical Heterodyne Detection on Earth Experiment ‘

The atmo;phere has been studied for centuries from earthbound observatories using
the non-coherent light from stars. Rockets and satellites now permit remote meas-
urements of the Earth and its atmosphere. To make optimum use of remotely sensed
data, more must be known about the physics of the atmosphere and the effects of the
atmosphere on optical signals passing through it. As a tool to advance our knowledge
in these areas, the laser possesses two highly useful properties: spatial and temporal
coherence. A laser transmitter can emit an extremely narrow, intense beam of mon-
ochromatic light. Furthermore, since it operates at frequencies sensitive to atmo-
spheric absorption, scattering, and variations in the index of refraction, the laser is
a most promising instrument for obtaining a better understanding of the turbulent
structure of the atmosphere.

To study the physics of the atmosphere using a spaceborne light source is to study
the character of a space-ground transmission path. The establishment of such a
path is tantamount to establishing an optical communication link. Indeed, the most
promising operational application for lasers is wide-band communication over
extremely long distances. By providing sufficient data transfer rates, the laser may
make exploration of the remote planets feasible - and may thus assist in setting the
post-Apollo national goals in space.

Tests over horizontal paths on Earth and from high level balloons are prerequisite to
the proposed spaceborne experiment, but in themselves would be inadequate. Aircraft
tesis are noi possible because the turbulence loeal to a lifting body would mask the
effect to be measured and because of the aircraft vibration environment. Balloon test-
ing eliminates the upper atmosphere from the transmission medium — an element which
is critical to both the atmospheric physicist’s purposes, in which upper air effects and
turbulences constitute a primary class of unknowns, and to the communication theorist
who seeks to reduce the total transmission medium to verify or refine the postulates

in his simulations. Simulation of the space-to-Earth medium (and rigorous correlation
of earth-based test results) cannot be fully credible until a well planned space-to~Earth
experiment is performed.

This experiment consists of transmitting two laser wavelengths (0.6328y and 10.6u)
both separately and simultaneously and receiving them on Earth. Within the ex-
periment, provision is made for combining various signal forms, coding, and mod-
ulation methods for test under atmospheric constraints. Such tests require a space-
borne transmitter. From the communication viewpoint, it is necessary to determine
the capacity of the transmission medium. Statistical data must be gathered over a
period of many hours and repeated for many days. Signal distortion measurements
must be made through the entire sensible atmosphere, and results must be correlated
with observable meteorological paramters. The atmospheric physics content of this
experiment is predicted on near-zenith elevation angles.

Collectively, the space-to-ground communication experiments provide a comparison
of the two fundamental communication techniques: direct detection and heterodyne
detection.
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2. Optical Heterodyne Detection on the Spacecraft Experiment

The previous discussion on the need for earth-based detection is applicable here
also. The two experiments require different operational procedures and incorporate
different designs, but derive their justification from the same source.

This experiment consists of transmitting two laser wavelengths (0. 488y and 0.6328y )
from the Earth and detecting them on the spacecraft. Both heterodyne and direct
detection will be used. Quantities to be measured in space are receiver signal power,
heterodyne signal power, and fluctuations in both polarization and phase. The results
will be compared with those obtained from the downlink. An important point is that
this and the previous experiment should be performed simultaneously.
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3. Direct Detection Space to Ground Experiment

One potential application for lasers is communication at very long ranges. The pre-
ceding experiments have treated the optical heterodyne technique. Direct detection
also applies as an alternative communication form which has planetary distance
potential.

There are three salient advantages to the direct detection concept: system simplicity,
lenient pointing tolerances, and an advanced state of ground-based development. In
fact, direct detection system tests can be implemented on OTAES by defocusing the
telescope, in the same fashion that is prerequisite to the precision tracking exper-
iment, and by using the optical heterodyne transmitter. Thus, at the expense of a
few logic elements in its test program sequencer, the OTAES spacecraft can be
adapted for the direct detection experiment. The one element of an optical direct
detection system which remains to be developed is the large, earth-based optical
collector. For a meaningful comparison (i.e, in a planetary communication context)
with alternalive techniques, this aperture should he 8 meters in diameter. I this
size, solar furnace technology and conventional RF antenna tracking techniques apply.

The reasons for performing this experiment in space are the same as for the pre-
ceding laser experiments.

The experiment is the same as the heterodyne detection on earth experiment, except
that direct detection is used. The specific objective is to evaluate the performance

of a wide-band, space-ground laser communications technique that uses state-of-the-
art components, but does not require diffraction-limited opiics, exireme pointing
accuracy, or excessive power consumption.

Since spacecraft tolerances and requirements are relaxed in comparison to the
heterodyne detection experiment, there is a greater probability of experiment success.
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4, Communication with 10 Megahertz Bandwidth Experiment

The rapidly increasing data gathering capabilities of deep space probes have made
necessary the development of techniques for transmitting data at maximum rates

using a minimum of spacecraft power. The rate at which data can be transmitted
varies directly as the bandwidth of the communication channel. Optical communication,
using wide bandwidth modulation and detection techniques, offers a potential solution
for this need. Very narrow beamwidths are obtainable at optical wavelengths using
nominal apertures, providing high energy density in the beam for reasonable amounts
of transmitted power. The high energy density will support wide bandwidth commu-
nication with high signal-to-noise ratio.

Performance of wide bandwidth optical communication systems can be analytically
determined by making assumptions about the propagation path and assuming math-
ematically ideal system components. However, it can be expected that a commu-
nication system placed in orbit will depart from this mathematical ideal. Deter-
mination of the effect of these departures on systems performance can only be
measured by placing them in the orbital environment. Because the atmosphere is
neither homogeneous nor isotropic, and because the applicable theory is not developed
for the general case, it is necessary that the measurements be made along actual
transmission paths through the entire atmosphere. The few measurements made to
date have been over relatively short, nearly horizontal paths which cannot be con-
sidered representative of an actual space-to~ground transmission path. Present
knowledge of the atmosphere does not permit accurate estimates to be extrapolated
from measurements made along the horizontal paths. This can only be accomplished
from an orbiting satellite. Variations of the atmosphere and its effect on the system
bandwidth performance must be measured over a long time period to obtain statistical
data.

The wideband communication experiments are planned to be operated as an extension
of the first three experiments. The first experiment will be the direct detection ex-
periment. When it has been determined that the direct detection experiment on Earth
is operating satisfactorily, the modulator will be supplied a wave-band signal from
the signal wave. Transmission will be made over extended periods of time to obtain
signal characteristics and error rate information as a function of atmosphere char-
acteristics, pointing accuracy, and receiver aperture size. '
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5. Precision Tracking of a Ground Beacon Experiment

Two way, wide-bandwidth laser communication links for space application will require
that the laser power be concentrated in very narrow beam widths because of power
limitations in the spacecraft. To utilize narrow beams (divergence of 0. 14 arc second
at the 3 db power points), a pointing capability commensurate with the beam angular
divergence is required. Pointing a laser to this accuracy from the spacecraft to a
ground site would be virtually impossible without tracking a reference line of sight
from the ground.

Because of atmospheric turbulence the ground-based beacon’s image in the spacecraft
telescope moves laterally (image dancing). In the spacecraft this motion gives rise
to tracking signals which, after being fed to an image motion compensation (fine beam
deflection) system, would cause the spacecraft line-of-sight to erroneously follow the
image dancing. For a given apparent motion, the angle through which the tracker has
to move decreases with altitude. The minimum altitude at which the fluctuation is
reduced to an acceptable 0.01 arc second (1/10 the Airy disc of the proposed 1.0
meter telescope) is 2,000 miles.

This experiment involves the precision of tracking a ground-based beacon with a
telescope mounted in an earth-orbiting spacecraft. This same telescope will support
the optical communication experiments described in the previous experiment sum-
maries. The tracking precision will be measured for various beamwidths. Since the
acquisition and tracking function at the spacecraft must take into account the varying
earth shine conditions present at Earth for different illumination phases of Earth as
seen from Mars, this experiment will be performed under the varying earth shine
conditions which will naturally be present in synchronous orbit over a diurnal cycle.
In this experiment, lead angles will be inserted on an open-loop basis. Better track-
ing precision will be obtained by closed-loop operation between the spacecraft and
ground station. This is the object of the following experiment.
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DIGEST OF PREREQUISITE,TECHNOLOGY ACTIVITIES

Time Span to Completion: 24 months

Research and Development

Systems concept studies - necessary prerequisite for establishing a 2-way
tracking link. (24 months)
(1) Effect of atmosphere on coherence of laser beam. Spatial and temporal
degradation analysis,
(2) 'Examination of other atmospheric effects. (scintillation)
(@) Beam diversion
(b) Angular jitter (earth-to-space and space-to-earth).
(3) Human factors studies (astronauts’ mobility, isolation, and function).
(4) Deep space simulation experiments.

l1-meter telescope analysis (18 months).

(1) Boresight alignment (transmitter and tracking axes) studies.
(2) Optical test and interface with methods in space.

(3) Alignment of telescopes to one another,

0. 3-meter hardmounted telescope analysis (6 months).
(1) Boresight to 1-meter telescope,
(2) Study and definition of additional experiment tasks for incorporation.

0. 3-meter gimbal telescope analysis (9 months).
(1) Boresight to 1-meter telescope.
(2) Study and definition of additional experiment tasks for incorporation.

Acquisition techniques investigation (15 months).
(1) Probability comparison of various methods.
(2) Combination of microwaves and sun line-of-sight for initial stabilization,
(3) Hand-off of celestial targets in synchronous orbits for other applicable
missions,
(4) Planet tracker accuracy analysis.
(@) Tracking centroid of illumination.
(b) Geometrical center identification.
(c) Percentage accuracy as a function of range,

Laser interface studies (6 months).

(1) Techniques for changing power distribution in beam group section (for mini~

mixing losses due to obscuration of bisecondary mirrors etc.).
(2) Achromatic collimating optics for optimizing wavelength range.

Beam deflector analysis (12 months).

(1) Hybrid systems for minimizing nonlinearity of deflectors by means of beam

angling and translation,
(2) Servo analysis required for stability and frequency response for hybrid
systems,

Ground array interface studies (4 months).

4-18




6. Point Ahead and Space-to-Ground-to-Space Loop Closure Experiment

In a two-way communications link for deep space missions the relative orbital velocity
between the space vehicle and Earth, coupled with the long signal transit delays, re-
quire that the spacecraft transmitter point ahead of the apparent spacecraft-ground
transmitter line of sight in order for tne ground receiver to receive tne spacecraft
transmission, For a typical Mars flyby, the lead angle will be on the order of 40

arc seconds near the terminal phase, Continuous and accurate reception from the
spacecraft requires that the point ahead be referenced to tae coordinate reference
frame established in the Precision Tracking of a Ground Beacon experiment, The
point ahead precision requires that control be effected through a closed space-to-
ground-to-space control loop.

Image dancing due to atmospheric disturbances operating in a manner analogous to
that discussed in the summary of the Precision Tracking of a Ground Beacon experi-
ment impose the need for testing point ahead from earth orbit.

This experiment is an extension of the precision tracking experiment in which an

earth orbiting telescope tracks a ground beacon. In this experiment the ability to

point a spacecraft laser beam to a ground terminal is tested. This is done by detecting
the error on the ground and closing the control loop around this ground detected error
signal. Several types of optical detection at the ground receiver will be investigated.
Heterodyne detection involves use of a matrix of small telescopes and a local laser
oscillator signal beating against the incoming signal in each telescope. Direct detec-
ticn metheds, cone using 2 4-photon bucket arrangement and a second using a single

photon bucket with a conically scanned laser beam, are being considered.
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7. Transfer Tracking from One Ground Station to Another Experiment

A deep space vehicle in optical communication with Earth must possess the capability
of transferring track between Earth stations to maintain continuity of operation despite
cloud overcast and the Earth’s rotation. A chain of Earth stations must be established
and so located that a minimum of two stations with reasonable zenith angles and high
probability of clear weather will have a direct line of sight to the vehicle.

Meaningful experimentation with precision tracking of a ground beacon can only be
conducted from altitudes above 2,000 miles. The transfer tracking demonstration is
predicated upon accurate tracking and, consequently, also requires such space testing.

In this experiment a laser beam received on the Earth will be transferred to a second
ground station. Since a 4 mile ground station separation is required for the Point
Ahead and Space-to-Ground-to-Space Loop Closure experiment, the transfer will be
performed at a 4 mile separation. Both stations will have co-located receivers and
transmitters for the tracking transfer demonstration. The function is nearly identical
to the point ahead except that the transfer commands will be given to the coarse-fine
beam deflection control system. The transit time delays of 8 minutes at 1 AU distance
must be simulated for this experiment.
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8. Phase Correlation Measurements Experiment

Although the atmospheric effects on the propagation of electromagnetic waves have
been the subject of scientific and engineering interest for hundreds of years, in-
creases in the spectral capabilities, resolution, and sensitivity of available instru-

~ments and sensors have revealed gaps in the knowledge of the atmosphere and have
generated renewed interests in measurements previously attained with great difficulty.
The effects on the transmission of optical frequencies can be determined by a detailed
examination of the attenuation and refraction characteristics of the atmosphere, The
absorption properties of the atmosphere have yielded much of the information now
available, There is still much information to be gained, however, through measure-
ments of refraction effects.,

Temporally and spatially random variations in the index of refraction of the atmos-
phere have limited the performance of optical instruments. Now that optical wave-
lengths can be applied to communication, tracking, and measuration, the need for
detailed knowledge of these variations has become even more evident. Theoretical
knowledge of the effect of these variations on optical wavefronts has progressed to the
point where measurements must be made of the physical quantities and their functional
relationships. To date, theoretical derivations have been based on correlation or
structure functions extrapolated from the microwave frequencies in which the presence
of water vapor is considerably more significant than at optical frequencies. The few
available measurements at optical frequencies have been made with stellar or thermal
svurces which have such peor temparal eoherence that extrapolation to the more co-
herent laser light applications is of questionable validity.

To correlate experiment and theory, which usually assumes a plane wave incident on
a random medium, it is necessary that the turbulent medium be in the far field of the
transmitting antenna., This cannot be done with a transmitting aperture located within
the atmosphere. To make such measurements would require a monochromatic light
source in orbit and a receiver which samples and correlates two points on a wave-
front. In order to avoid spatial integrating effects, the measurements should be made
with a small aperture,

In this experiment the phase variations of a highly monochromatic laser source is
measured, Phase variations are measured by an optical interferometer with a
variable baseline. With certain modifications, largely in the ground-based instru-
mentation, amplitude correlations could also be measured. From these measure-
ments, the limitations on coherent apertures could be determined for ready applica-
tion in the design of superheterodyne systems and an assessment made of the accuracy
of scientific measurements which depend on signal frequency.
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9. Pulse Distortion Measurements Experiment

The advent of optical techniques for communication and tracking has been induced by
the need for wide-band information channels, There are currently identifiable needs
for megahertz bandwidth transmissions over planetary distances. Furthermore, esti-
- mates of future terrestrial communication requirements lead rapidly to the conclusion
that the frequency bands below the optical will one day be exhausted. Optical frequen-
cies will be required as a matter of course to provide the needed bandwidth. Optical
links passing through the Earth’s atmosphere may be limited in bandwidth by the ef-
fects of the Earth’s atmosphere, In order to provide the data required in the design of
such links, the characteristics of the transmission channel must be determined as
independently of equipment characteristics as is possihle.

Since these pulse distortion measurements pertain to communication theory, the re-
ceiver must be located in the far field of the transmitting antenna, The difficulties

of reliably extrapolating measurements made on a horizontal near field path to a high
elevation far field path are formidable enough to make such extrapolations of doubtful
validity in the design of optical links., It follows that such measurements cannot be made
within the atmosphere; hence, a spaceborne transmitter is required.

One method of determining the phase and amplitude characteristics of a channel is to
transmit a known wide-band waveform through the channel and compare the received
wavefrom phase and amplitude characteristics with those of the transmitted charac-
teristics. By accounting for changes due to the equipment used, the characteristics
of the channel can be determined, In this experiment short puilses are generaied in
the spacecraft and the effect of the atmosphere on these pulses is measured on the
ground, The transmission, reception, and display of very narrow pulses are within
the capability of present technology. In fact, a pulse shorter than 10-9 seconds has
been demonstrated in the laboratory using a helium-neon laser. This technique will
permit the determination of channel characteristics up to bandwidths in the order of
10° Hz, well beyond presently definable needs.
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10. Primary Mirror Figure Test and Correction Experiment

The outstanding goal in space astronomy, announced by the Space Science Board, is
the 3-meter (120-inch) telescope. The light gathering power of an orbital 2, 5-to
5-meter (100-to 200-inch) telescope is such that if complemented with a very high
resolution capability (i.e., to its diffraction limit) it will permit astronomical ob-
servation not heretofore possible with the largest Earth observatories or the present
series of OAQO’s.

The telescope aperture, by virtue of its size, establishes its light gathering capability.
However, telescope resolution, exclusive of the particular optical configuration, is
affected by mirror and or lens surface shape deviation and smoothness, optical sys-
tem alignment, optical materials and coatings, and lens material homogeneity., The
most formidable problem is that of maintaining primary mirror diffraction limited
quality. To do this requires sensible and precise techniques for determining the
deviation of the mirror figure from its required shape and, if a deviation exists, the
use of suitable methods for correcting the mirror figure so that the undesired devi-
ations are removed.

It has been established that to maintain performance specifications in precision sys-
tems, an exact determination of proportional limit must be made. Minute permanent
deformations occurring in materials below the conventional proportional limit now
require a new limit., This limit has been termed as P, E. L. (Precision Elastic Limit)
and is defined as the stress which produces a residual strain or deformation of one
microinch per inch., This strain (one microinch) is a permaneii set ini the material
and is sufficient in magnitude to change the power of an optical element. These minute
permanent deformations in a large mirror will impart an exceedingly small additional
deflection when compared to the effect of gravity (ratio greater than 1000: 1) and are
therefore not reliability measured on earth, In addition, the zero-gravity space en-
vironment and thermal environment of space will distort the mirror figure. Since
these two space conditions cannot be simulated on Earth, a space experiment is
necessary.

This experiment is designed to measure the effects of the space environment on a
thin, spherical, 1.3-meter beryllium mirror and then to correct the mirror surface
to the desired shape. The mirror will be corrected by thermal expansion of rods
between the mirror and its base structure. The evaluation of the mirror figure will
be accomplished by obtaining interferograms of the mirror surface. Mirror figure
patterns will be obtained during final figuring on Earth and during orbit. The change
in the interferogram from the ground-based case will be interpreted electronically
on the spacecraft and transmitted to a ground-based computer, Calculations will
then be performed and the results transmitted back to the spacecraft in the form of
commands for thermally expanding the rods behind the mirror, thereby correcting
the figure.
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11, Thin Mirror Nesting Principle and Erection and Alignment of Large Optics in
Space Experiment

The resolution of an optical system is proportional to its aperture and modified by the
quality and uniformity of each optical element. Light gathering power increases as

the square of the aperture. The speed and resolution of optical systems can be in-
creased by using larger and higher quality optics. Various astronomers have indicated
that certain astronomical observations not achievable with Earth observations or
within the capability of the OAO series require 2. 5-to 5-meter (100-to 200-inch) aper-
ture telescopes with diffraction-limited resolution ability. However, the weight and
volume required by systems of this size impose severe requirements even on the

more advanced launch systems.

One means for alleviating these weight constraints is to configure a very thin mirror.
This, of course, has the attendent problems of support during manufacture, handling,
and launch., Manufacture and test of a very thin mirror in a nest where the mirror

is uniformly supported at all times simulates, in effect, the zero gravity condition

of space. This also permits the construction of such a mirror on Earth so that it will
perform under the weightlessness conditions of space.

The purpose of this experiment is to investigate the theory and develop the technology
so that very thin mirrors fabricated on Earth in a nest (so as to negate the distorting
force of gravity) can be handled, launched, and erected in a zero g environment where
stresses induced by gravity are removed. A thin mirror will be manufactured, handled,
launched, and inserted into orbit while limiting all applied stressed by a factor of one-
nineteenth of the Precision Elastic Limit. (See the preceding experiment).

The reasons for space testing are the same as in the preceding experiment.

In this experiment, a scale model telescope employing a thin, 1.3-meter (50-inch)
diameter beryllium mirror will be erected, aligned, and tested in space. During
orbit, the astronaut will erect and align the mirror to the optical tolerances associated
with earth-bound observatories. The evaluation of the mirror figure will be accom-
plished by interferograms. Mirror figure patterns will be obtained prior to and during
orbit. These patterns will be compared. The results of this experiment will serve as
a guide for the design and fabrication of a 2. 5-to 5-meter (100-to 200-inch) reflector
type telescope for orbital use,
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DIGEST OF PREREQUISITE TECHNOLOGY ACTIVITIES

Time Span to Completion: 24 months

Research and Development

Continuing experiment concept studies (includes optical tolerance evaluation and
allocation) (24 months).

Primary mirror test studies (18 months).
(1) Thermal studies to determine need for temperature control including ground
tests for optimum thermal sensing and control configuration.
(2) Scaling studies (analysis, fabrication, and test of small model mirrors).
(3) Material surveys.
(4) Fabrication methods investigation.
(a) Mirror nest — mirror interface; selection of release agents and
evaluation release technique.
(b) Distortion effect of polishing and figuring.
(¢) Determination of diameter to thickness ratio to meet requirements.
(5) Zero g simulation testing techniques and facility requirements.
(6) Study of mirror support methods.

Pneumatic suspension systems and alternate protection systems analysis, launch
environment effects, and model tests (12 months).

Implementation study of scatter-plate interferometer and other optical instrumen-
tation for figure test in orbit (6 months).

Secondary mirror and secondary mirror structure studies (9 months).
(1) Thermal study.
(2) Material study.

Study of in-orbit erection and/or alignment devices (12 months).
(1) Manual erection and human factors constraints.

(2) Automatic erection investigation.

(3) Optical alignment examination.

Test facility studies including optical bench and thermal control computer (12
months).
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12, Fine Guidance Experiment

Large manned diffraction-limited astronomical telescopes for application in earth
orbit, where atmospheric distrubances are absent, are in the planning stage. To
fully utilize the freedom from atmospheric distrubances, the orbiting telescope will
require a high degree of pointing accuracy and pointing stability.

Although earthbound testing must be performed on space equipment, the sought after
stability performance in the proposed experiment will be lacking or at least masked

by such testing. Transmission of microseisms (0.1 to 10Hz) through the mount of

an optical bench, flexing of the mount of an optical bench, and flexing of the mount
itself under 1 g Earth conditions can each be comparable to or larger than the desired
pointing accuracy and stability. Image dancing due to atmospheric turbulence might

be eliminated by testing in a vacuum chamber; however, the distortion of a 100 foot
long seismic block supporting an optical bench due to the change in pressure load
arising from the chamber evacuation may be of the same order as the desired perfor-
mance. Air bearing table facilities for dynamic stability tests to hold 0,01 arc seconds
for 6 hours do not exist, and the degrading effects of turbine torques as well as torques
due to mass shifts, magnetic troques, and other air bearing distrubances make it
questionable whether the desired performance will be difficult to achieve in space, In
the presence of Earth’s degrading influences, the performance may never be achieved.

The Fine Guidance experiment will serve the purpose of space development and testing
of a highly stable star pointing system applicable to large telescopes (at least 100
inches). ¥or this experiment ihe comparabie perivrmance is a poiuting Sysiein stavie
to one one-hundredth of 1 second of arc when guiding on dim stars (* mag AO star)
against different background brightnessess.

This experiment is performed on the fine guidance telescope in conjunction with the
comparison of isolation techniques. A 10th magnitude star is acquired and tracked for
an exposure period for each of the fine guidance schemes being tested. Performance
of each is measured by real time monitoring of the error signals and by the size of the
exposed image.

This experiment will evaluate the pointing stability as a function of star color tempera-~
ture and magnitude, evaluate at least two types of fine sensors test reacquisition and

fine guidance on consecutive half orbits (which is important in near earth orbit missions),
and evaluate two or more beam deflectors.
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DIGEST OF PREREQUISITE TECHNOLOGY ACTIVITIES

Time Span to Completion: 18 months

Research and Development

Systems concept studies to establish sensing (18 months).

(1) Direct versus offset tracking as a function of star magnitude studies.

(2) Tracking capability relationship to background noise and star magnitude and
color temperature investigation.

(3) - System effects of various orbits.

(4) Analysis and allocations of errors.

Study of thermal behavior (6 months).

Fine guidance telescope studies (15 months).

(1) Study of tertiary system configuration and alignment techniques.
(2) Study of scanning methods.

(3) Analysis of maximum resolution.

Fine sensor studies (resolution stability) (12 months).
(1) Four side pyramidal deflector.

(2) Image dissector tube.

(3) Crossed-axis vibrating aperture.

AN

{4) DMath-matching (large field scanner. using image orthicon or vidicon).

Study of actuation system, control moment gyros, reaction wheels, and fine beam
deflector (coarse, intermediate, and fine) actuation and logic control system (12
months).

Light detector analysis — diasporameters, cantilever mirror, sheared plate

(sensitivity, spectral diamagnetic response) (12 months).

(1) Solid state (silicon, gallium arsenide).

(2) Photocathode with electron multipliers. Photo detectors with integral solid
state multipliers.

(3) Light amplifiers.

(4) Imaging devices.

Study of fine and coarse intermediate servo loops (9 months).
Study of protect sensors and actuators (9 months).
Earthbound development tests (12 months).

Test facility study (12 months).
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13. Comparison of Isolation Techniques Experiment

Highly stable and accurate pointing of space telescopes is essential to future space
astronomy, For high dispersion spectroscopy with a 120-inch diffraction-limited
telescope, for example, the stability requirements along the narrow dimensions of the
slit are + 0. 02 arc seconds. The stability of an uncontrolled Apollo class spacecraft
in which man is free to move is about + 1 degree. This leaves a five-orders-of-mag-
nitude discrepancy to be resolved.

By imposing reasonable constraints on man’s movements and use of the spacecraft
attitude control system, the spacecraft stability may be improved one order of mag-
nitude to £ 6 arc minutes. Mounting the telescope in a set of gimbals will further en-
hance its stability to about £ 5 arc seconds. Use of a beam deflector in a fine guidance
loop will further stabilize the image to an extent determined by the ratio of servo band-
width to distrubance bandwidth. However, analysis of practical limitations on servo
bandwidth for fine guidance applications, coupled with the spectrum of expected man-
produced distrubances, shows that disturbances occuring at 1 cycle per second must
still be attenuated by two orders of magnitude between the spacecraft and the telescope.

The only way to achieve this attenuation is to physically isolate the telescope from the
spacecraft. Both passive and active techniques to achieve this isolation have been
investigated. These range from simple mechanical gimbals which provide rotational
freedom for the telescope to servo-controlled mounts which measure the disturbances
acting on the telescope and, through feedback control, null the effects of these dis-
turbances.

With the exception of the mechanical gimbals, which require little development for
space use, all the techniques studied are designed specifically to take advantage of the
low g orbital environment. Hardware development of these isolation téchniques must
include testing in a low g environment. Practical ground-based simulation schemes
are limited to two axes of translation and one of rotation. This kind of simulation is
useful and necessary for the development of techniques for space testing. However,
for actual space astronomy missions, where important operational decisions (e.g.,
attached or detached mode) may be based on presumptions about performance of the
isolation system, the results of a partial groundbased simulation does not provide

the high level of confidence that is desirable.

In this experiment, the performances of two or more isolation techniques are evaluated
and compared. The fine guidance telescope is mounted with two or more suspension
systems in parallel so that each can be inserted and removed on command. This ex-
periment is performed in conjunction with the fine guidance experiment, which serves
as a sensor for measuring the performance of the isolation systems while the crewmen
execute both programmed and natural movements.
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14. Stellar Interferometer Experiment

One astronomical goal is to measure stellar diameters and binary separations. The
stellar interferometer is used to measure angular diameters through interpretation

of interference patterns. Stellar interferometers were constructed and operated
successfully by Michelson, Pease, Anderson, and others before Pease’s death in

1930. Much useful data on stellar diameters and binary separations was derived with
the 20-foot interferometer, but the 50-foot interferometer built in 1930 proved to be a
disappointment. F. G. Pease worked with the instrument at Mt. Wilson, but as evi-
denced by the conspicuously small mention given the interferometer in the annual
reports -of the thirties, he was plagued with beam vibration and atmospheric turbulence
effects.

A stellar interferometer stationed in earth orbit, where these effects can be minimized,
will be a valuable tool for increasing our knowledge of stellar and galactic dimensions,
Cepheid characteristics, and mechanics of stellar system, to name a few applications.
Recommendation No. 5 in Orbital Astronomy of the Space Science Board Meeting at
Woods Hole in 1965 called for the development of optical stellar interferometers, citing
the importance of stellar diameter measurements.

The effects of the space environment on the instrument cannot be obtained on Earth,
nor can they be adequately simulated in the presence of gravity. Data are needed on
the effect of continuous station keeping and continuous fine pointing requirements.
Comparison of beam concepts must be accomplished in space. The total effect of the
orbital environment on a 59-ur 136-IoGt interfcrometer cannot he fully assessed on
Earth. It is necessary to make practical and accurate measurements of the adverse
effects of the totality of factors such as thermal deformation, vehicle vibration and
rotation, parallax of orbit, orbital motion, gravity gradient, and solar wind before
including the instrument or an orbital laboratory at an operational level.

In this experiment an interferometer system with a nominal beam length of 50 feet

will be deployed in two stages. Vibration sensors along the beam are used to monitor
the activity of the beam as the spacecraft is pointed at a target (stars which have been
used with ground-based interferometers) and subjected to rotational torque and simu-
lated random type internal disturbances. After completion of the disturbance program,
the image from the two interferometer pencils are focused near each other-in the field
of view. The smallest circle of confusion is achieved as the spacecraft is stabilized.
Long beam experiments are conducted in the same way. At least two beam concepts
will be compared.
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15. Segemented Optics Experiment

In their attempt to add to the body of scientific knowledge about the universe, astrono-
mers have traditionally been limited by the performance of their instruments. In

~ recent years, however, these limitations have not been imposed by the instruments
themselves but rather by the characteristics of the earth’s atmosphere, through

which light from astronomical bodies must be transmitted before it can be studied with
earthbound telescopes. Turbulence and absorption by the atmosphere limit telescope

performance so severly that the resolution achieved by the 200-inch Hale telescope at
Mt. Palomar is poorer by an order of magnitude than its theoretical limit.

A telescope placed in earth orbit or on the Moon, where the atmospheric effects can
be eliminated, will be extremely useful to observational astronomy. For this reason,
the development of a 120-inch orbiting telescope has been established by the Space
Science Board as the outstanding goal in space astronomy.

At present, however, there are questions which must be answered before the diffrac-
tion-limited performance of a mirror can be achieved. A mirror made in the usual
fashion will be severly distorted by the thermal environment of space. It will also
be distorted by the change from the earth’s gravity to the zero gravity of space. To
determine the amount of distortion and the best means to correct it, the mirror must
be subjected to the space environment.

One possible solution to the problems mentioned above is the use of a segmented
primary mirror in the telescope. In order to gain information to allow a determination
of the usefulness of this concept, it is proposed as part of OTES to design, orbit, and
test a small segmented telescope. The size and shape of the segments desirable for

a large mirror will be determined and a few of these will be assembled into a mirror
in OTES.

The experiment procedure is straightforward. The segmented mirror will be aligned,
(the alignment procedure is a manned one using segment position actuators and sensors)
pointed at the desired object and photographs made both of astronomical objects and of
the figure test display. The photographs will be returned to earth and comparisons
made with photographs obtained from a ground based segmented telescope.
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V. DISCARDED EXPERIMENTS

Some space experiments were considered for OTAES and then discarded in the course
of the study. The optical technology development implied by the experiments is neces-
sary for space science and as such is included in the optical technology ground develop-
ment program, but the final evaluation of the experiment did not require space testing.

The discarded experiments are:

1, Spectrograph Development.
2, Baffles Comparison,
3. - Atmospheric Absorption Spectroscopy.
4. Photon-Photon Scattering.
5. Remote Manual Optical Alignment,
6. Visual Tracking Rating.
7. Cryogenic Cooling,
8, Photo-Electro-Optical Experiment (see Figure V-1).
9. Mirror Coating in Space.
SUBSTRATE TURRET MOUNT
TEST PATTERN LINE RESOLUTION TEST PATTERN
DRIVE CONTROL TO DIRECT
TRANISLATE E?AEF%IIO)N PLATE _ VISION FOCUS
DRIVE CAM EMULSION
_ / , /TURRET MOUNT
| == |
TELESCOPE W —--~—-- —: -_
OPTICAL|] . 1 ) i i |
PATH —H- ' v =‘"'—"44,
ROTARY
gg‘l\\l/ER oL | TRANSLATE
REFLECTING DRIVE CAM
PHOTOCATHODE PRISM

CERAMIC FOCUS MAGNET

Figure V-1, Photo-Electro-Optical Experiment



VI. SYSTEMS INTEGRATION

The purpose of the Systems Integration effort of the OTAES study was to recommend
integrated experiment configurations, preferred spacecraft configurations, and pre-
ferred missions. The basis of the OTAES Phase I Study was the development and
justification of the individual experiments. Each experiment was analyzed to deter-
mine the equipment requirements, the criticality of astronaut participation, and the
orbital requirements. Figure VI-1 summarizes the criticality of astronaut participa-
tion for each individual experiment. Given these requirements, the experiments were
then integrated with the telescope configurations. This integration emphasized maxi-
mizing the probability of experiment success and obtaining a compatible time phasing,

In a parallel effort, several spacecraft concepts and missions were considered. As
many as 20 spacecraft concepts and 9 mission profiles were developed. By evaluating
the experiment requirements, these were narrowed down to four recommended mis-
sions and spacecraft which are discussed in the following paragraphs.

Integrated Experiment Configurations

The group of optical communications experiments was integrated with three telescopes.
The 1. 0-meter telescope, which has a 0. 3-meter telescope rigidly mounted to it, is
shown in figure VI-2. This pair of telescopes, which has one set of gimbals, contains
aquinment for the following experiments:

Optical Heterodyne Detection on Earth.

Optical Heterodyne Detection on the Spacecraft.
Communication with 10 Megahertz Bandwidth.

Direct Detection Optical Communication from Space to Ground.
0.1 Arc/Second Tracking of a Ground Beacon.

Point-Ahead and Space-to-Ground-to-Space Loop Closure.
Transfer Tracking from One Ground Station to Another.

Pulse Distortion Measurements.

Atmospheric Measurements.

© NP o o

©

The third 0. 3-meter laser telescope, which is separately gimballed, is shown in
figure VI-3. This telescope supports the following experiments:

1. Optical Heterodyne Detection on Earth Backup.

2. Optical Heterodyne Detection on the Spacecraft.

3. Communication with 10 Megahertz Bandwidth.

4. Direct Detection Optical Communication from Space to Ground Backup.
5. 0.1 Arc/Second Tracking of a Ground Beacon Backup.

6. Point-Ahead and Space-to-Ground-to-Space Loop Closure Backup.

7. Transfer Tracking from One Ground Station to Another Backup.

8. Pulse Distortion Measurements.

9. Atmospheric Measurements.

Figure VI-4 illustrates the telescope which houses equipment for performance of the
Isolation Comparison, Fine Guidance, and Stellar Interferometer experiments. The
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Segmented Optics experiment is also included in this package with its primary mirror
co-linear but facing opposite the Fine Guidance primary mirror. This allowed for
more efficient utilization of space and balanced gimbal equipment.

Figure VI-5 shows the non-gimballed experiment compartment which contains the
Thin Mirror Nesting and Primary Mirror Figure Correction experiments. The
commonality of equipment position and operating procedures allowed these two primary
mirrors to be placed back to back. The resulting volume between the backs of the
mirrors is appropriately used for this equipment.

Recommended Missions

The four most promising OTAES missions that have emerged from this study consist
of either low earth or synchronous orbits mated with Saturn I or Saturn V launch ve-
hicles. A brief outline of these missions follows:

Launch Vehicle Final Spacecraft
Mission Stack-up Orbit Configuration
I, Manned S-1C/S-11/S-1VB/OTES/ CSM Synchronous No. 1
III, Unmanned S-1B/S-1VB/ Centaur/OTES Synchronous No. 2
V, Mauned S IB/S-IVB/QOTES/CSM Circular 649 km No. 4
VI, Manned/ S-1C/S-11/S-IVB/OTES-1/ Synchronous No. 3-1
Unmanned OTES-2/CSM Circular 649 km No. 3-2

All recommended experiments could be performed on Mission I. Mission III would
only accomodate the nine optical communication, thin mirror, and mirror figure test
experiments. Mission V would accomodate all others with the exception of the inter-
ferometer experiment.

However, it would be necessary to simplify the isolation comparison experiment for
low earth orbits such as Mission V. The last recommendation, Mission VI, is a
single-launch, dual mission in which one OTES spacecraft and the Apollo Command
and Service Modules are left in low earth orbit while a second unmanned OTES space-
craft is placed into a synchronous orbit. The total combined experiments in Missions
IIT and V could be performed in Mission VL

A complete mission profile was developed for Mission I. This was instrumental in
integrating the experiments into telescope configurations since the time phasing has
considerable impact on the preferred number of telescopes. As a result, it was
concluded that approximately 15. 5 days would be required for the manned portion of
this mission. Figure VI-6 is a segment of the early portion of this mission showing
the phasing and total time required to cycle through each experiment at least one
time.
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Recommended Spacecraft Concepts

Four recommended spacecraft configurations which contain integrated experiment
groups were developed during this study. The telescope and experiment wells were
conceptually designed in sufficient detail as a prerequisite to the spacecraft configura-
tion development. The design flexibility of each spacecraft allows for substitution of
wells and telescopes without degrading the overall mission concept. The following
table lists the experiments included on the recommended configurations.

EXPERIMENT ON RECOMMENDED CONFIGURATIONS

Spacecraft

OTAES Experi
S Experiments Configurations

1 2 3 4

12
Nine Laser Experiments X X X
Fine Guidance X X X
Isolation Comparison X X X
Segmented Optics X X X
Interferometer X

Thin Mirror

HooX
M
M
M

Mirror Figure Test

Spacecraft configuration No. 1 (shown in figure VI-7) uses the basic LEM ascent
stage. The telescopes and wells are located below with access to the shirtsleeve
compartment between the wells by a new hatch in the LEM floor. The telescopes are
oriented with their optical axis parallel to the LEM windows, which facilitates target
acquisition. This group of experiments is designed for a synchronous orbit (Mission I).

Figure VI-8 shows spacecraft configuration No. 2 into which the Laser, Thin Mirror,
and Mirror Figure Test experiments are integrated. This is the only spacecraft which
is launched unmanned, although manning could be accomodated by providing for rendez-
vous and docking. In this case accessibility could be provided to the telescope wells.

Figure VI-9 depicts spacecraft configuration No. 3 which was developed for the dual
mission (Mission VI). This configuration allows for the stellar oriented experiments
to be conducted by one spacecraft in a 649 orbit and laser communication experiments
by the other spacecraft in a synchronous orbit. The circular orbit spacecraft is un-
manned.

Configuration No. 4 shown in figure VI-10 was developed for the stellar oriented
experiment group for a 649 km orbit such as Mission V. A hatch in the LEM floor
allows access to the experiment equipment. The telescope contains the Fine Guidance,

6-9



Isolation Comparison, and Segmented Optics experiments. The Thin Mirror and
Mirror Figure Test experiments are also included in this spacecraft.

6-10
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VII. OTAES MASTER PLANNING SCHEDULE

An OTAES Master Plan Schedule was developed which integrated the experiments into
experiment groups and these in turn into spacecraft and launch vehicle alternatives,
While this Master Plan gives an overall visibility of the time sequenced requirements
of a total OTAES program, it also provides an understanding of implementation alterna-
tives as dictated by experiment alternatives. Throughout the master planning analysis,
the philosophy maintained has been that the individual experiments rather than space-
craft have dictated the integration times. This ensures that the specific experiment
technological advances are not subordinated to other integration factors.

The experiment candidate groups have been determined primarily by technical common-
ality and other experiment imposed requirements such as orbits and astronaut parti-
. cipation. The resultant candidate groups are:

1. Group A, All recommended experiments,
2. Group B, Nine laser experiments.

3. Group C, Fine guidance, isolation comparison, thin mirror, mirror figure
control, and segmented optics experiments,

Figure VII-1 indicates the availability of each candidate group collectively and deter-
mines the earliest date for group integration into a spacecraft, The additional time
beyond individual experiment availability results from incorporating the necessary
activities such as experiments:

(a) Packaging;

(b) Shipment;

(c) Receiving and Inspection; and

(d) Pre-installation acceptance activities.,

For this study four candidate missions have been chosen which utilize the three candi-
date groups most efficiently, The candidate missions are:

Approach Type of Orbit Spacecraft Experiment Group Utilized
(a) I Synchronous Manned Group A
(b) II Synchronous Unmanned Group B
(c) III (Dual) Synchronous Unmanned Group B
Low Earth Manned Group C
(d) v Low Earth Manned Group C

Figures VII-2 (a), (b), (c), and (d) give the Master Plan schedules for each of these
approach alternatives.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

- As a result of the OTAES Phase I study, a number of conclusions have been reached

which are worthy of being set forth here even though the study is not yet complete,
since nothing in the projected work during Part II is at all likely to reverse or
significantly modify these findings. Based on these conclusions, a number of re-
commendations are appended. For brevity, these conclusions and recommendations
have been collected together and set forth here without the background discussion
and supporting reasoning which are contained elsewhere in the Part I Final Report.

Conclusions

1. Substantial advances in many areas of optical technology are required by NASA
in performance of its future space missions.

This is true for most of the NASA programs now being funded in the scientific
literature.

2. Needed optical technology exhibits commonality of application.

There is a broad commonality of the optical technology needs for astronomy, for
remote sensing of the earth, for meteorology, for planetary observation, and

for space optical communications. The specific technology developments re-
quired in componenis and subsysiems have 50 mich in common thet any effort

to separate the pieces or fragment the programs will inevitably result in increased
cost and reduced performance. That is, there is a commonality of application.

3. Application commonality strongly favors an integrated development program.

If each of the special scientific and governmant groups having responsibility for
individual applications were to individually develop the technology required for
their particular interest, the resulting programs would overlap and no single
one could be as effective in timely development of reliable and economic space
optical equipment for the broad applications envisioned. Moreover, there is
optical equipment which would be desirable to more than one of these special
interests but whose development could not be justified for one application alone.
Therefore, consideration of the technology from the standpoint of its application
leads to the conclusion that a single technology development program must be
instituted and sustained.

4. The needed optical technology exhibits commonality of space experiment pro-
grams.

As a result of matching the OTAES experiments with the problem areas, it is

clear that a great deal of interdependence of the experiments exists and that
simultaneous performance of the experiments is mandatory to use fully the ex-
perimental equipment, measurements, missions, and results. Therefore, for
that optical technology which requires space testing for its development, significant
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advantages are gained by flying the experiments in groups even though each of them
could be flown singly. In fact, as discussed in the technical conclusions, nine of the
recommended experiments require identically the same equipment for their per-
formance.

5. This experiment commonality impels a single integrated development program.

Thus, in two areas, commonality of technology to applications and commonality of
the technology development programs, it is concluded that a single development
program rather than several fragmented efforts is advantageous.

6. Some optical technology which should now be in planning is not covered by OTAES.

The OTAES contracts are limited to consideration of the technology which leads to
space testing. Increased emphasis by NASA is needed to develop an orderly program
for developing the optical technology not covered by the present OTAES contracts.

A comprehensive, orderly program for optical technology should include in proper
perspective both that part which leads to space testing and that part which does not.
The ultimate responsibility for this planning, of course, rests with NASA, but is so
intimate to the OTAES technology planning as to require participation by the OTAES
Contractor. The additional ground development is beyond the scope of work of the
existing contract but should procede simultaneously with the OTAES study.

Technical Conclusions

7. Of the 36 experiments considered during the OTAES study, to date 15 are now
believed to be prime candidates for flight experiments. These 15 all contribute
toward needed technology; all require testing in space; and all are deemed
feasible.

8. Although the experiments can be flown single, technological data will be significantly
increased and commonality economies maximized by launching the experiments in
groups.

9. To adequately develop integrated groupings of OTAES experiments and to fully
explore experiment feasibility, it has been necessary to generate a sufficient
level of conceptual detail in the areas of the experiment, the experiment support-
ing systems, the environment, and the mission. Such effort has identified addi-
technological problems effecting the experiment and its relationship to the space-
craft configuration, the supporting (experiment) spacecraft subsystems, the environ-
ment, and the mission constraints.

10. All of the experiments recommended in this study could be performed on a syn-
chronous manned mission. Alternatively, all experiments except one, Interferometer
Development, could be performed on a combination low earth orbit manned mission
and a synchronous unmanned mission.




11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

All of the recommended experiments can be accomplished with Apollo hardware
including the Command and Service Modules and the LEM Ascent Stage. Alternates
to the Ascent Stage offer some advantages and are still under consideration. Con-
figurations requiring major development are not necessary for the OTAES pro-
gram.

Modifications to the Command and Service Modules and the LEM Ascent Stage
will be necessary in order to accomplish the manned synchronous mission.

A total of 15.5 days are required on the manned synchronous mission to perform

all of the recommended experiments at least once.

Synchronous orbit may require electrical heating to prevent freezing in the ECS
radiators and RCS valves. This problem will not occur in low earth orbit since
Earth albedo will be sufficient to keep these components at operating temperatures.

Twenty-four hour elliptical orbits have been discarded due to high radiation dosages.
This applies to both manned and unmanned missions.

Within certain constraints a synchronous orbit coupled with the judicious choice of
ground station configuration permits all of the experiments to be performed on a
single ground station complex which would include terminal for point-ahead and
tracking transfer experiments.

For the laser communication point-ahead and station transfer experiments it is
desirable that the angle between the lines of sight from the spacecraft to the two
ground terminals should remain nearly constant, a condition which requires low

- inclination synchronous orbits.

Although several of the OTAES laser experiments will result in video bandwidth
data, judicious application of data compression and non-real-time technique will
permit adaptation to the DSIF telemetry capability planned for the 1970-75 time
period.

For any of the recommended experiments only minor modification of existing
facilities is required to implement up-link commands to the spacecraft for either
manned or unmanned operations.

If for any reason it is desirable to utilize R¥ and optical ground station facilities
which are separated geographically from each other, they should not be more than
a few hundred miles apart.

The nine recommended laser experiments should be performed as a single group
since the performance of one implies the need for equipment to perform the others.

Optical measurement of the random variations in the atmospheric index of refraction
are needed. Present knowledge of these effects is largely extrapolated, through
correlation or structure function, from microwave measurements. The few



23.

24,

25.

26.

21.

28,

29.

30.

31.

32,

available measurements at optical frequencies have been made with stellar or
thermal sources. Such data are inadequate for the design of coherent laser in-
strumentation.

Optical coherent scaling laws are not well established. To assess the frequencies
dependence, at least two widely separated space-to-earth transmitter wavelengths
are desirable., In recent years, the HeNe (0.6328 micron) components have reached

an advances state of development, offering high reliability. The Ng-COq (10.6 micron)

laser is a new form having high power in efficiency and favorable wavelengths for
operation in the atmosphere. Hence, these two frequencies offer both adequate
frequency separation for the purpose of atmospheric measurement and showing

‘great promise for certain operational applications.

The laser telescope should be mounted in mechanical gimbals to give +1 degree
angular freedom in pitch and yaw. Roll control should be provided by the space-
craft attitude control system.

The spacecraft attitude control system should be designed to limit the peak excursion
of the spacecraft to +6 arc minutes.

Spacecraft attitude stability should be provided by control moment gyros, with re-
action jets for periodic dumping of accumulated angular momentum.

The fine guidance telescope should be isolated from spacecraft perturbations
through the use of a soft mount.

Man's gross movements such as push-offs should be restricted in both magnitude
and frequency.

At least one special isolation technique should be evaluated in conjunction with the
fine guidance experiment.

To maneuver in orbit without introducing attitude disturbances requires a centrally
located center of gravity which can conveniently be achieved only if the telescope
axis is concentric with the launch axis. On the other hand, configurations with the
telescope axis perpendicular to the launch axis need not be deployed or assembled
after launch. These two factors -- space assembly of longitudinally oriented tele-
scopes and attitude control during maneuvering for laterally oriented telescopes --
are the principle considerations in telescope/spacecraft configuration.

The most likely arrangement in early AAP flights require that the ECS located in
the Service Module is required to circulate atmosphere through the LEM Ascent
stage into the telescope wall. Provision must be made to avoid dead zones in the
circulation pattern.

To study the tradeoffs between shirt-sleeve accessibility to the telescope and the

effects of mirror surface contamination, more information is needed about the rate
and extend of contamination.
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33.

34.

Three types of power systems were considered, oriented photovoltaic, unoriented
photovoltaic, and radioisotope thermoelectric. The prefer
oriented photovoltaic.

red system is the

gy

The laser experiments should not be operated in synchronous orbit when the OTAES
is in the shadow of the earth because of the high weight penalty that must be paid
for the energy storage subsystem to supply power under dark conditions.

Recommendations

"It is recommended that 15 space experiments be flown. These are:

a. Optical Heterodyne Detection on Earth,

b. Optical Heterodyne Detection on the Spacecraft.

c. Direct Detection Space to Ground.

d. Communication with 10 Megahertz Bandwidth.

e. Precision Tracking of a Ground Beacon.

f. Transfer Tracking from One Ground Station to Another.

g. Point Ahead and Space-to-Ground-to-Space Loop Closure,

h. Phase Correlation Measurements.

i. Pulse Distortion Measurements.

jo  Primary Mirror Figure Test and Correction.

k. Thin Mirror Nesting Principle and Erection and Alignment of Large Optics in
Space.

1. Fine Guidance.

m. Comparison of Isolation Techniques.

n. Interferometer System.

o. Segmented Optics.

The description of each of these experiments appears in the OTAES study report
together with supporting analysis conceptual design.

A continued effort in defining new OTAES experiments should be maintained.

In particular, detector technology requires further investigation as an area in which
fruitful space experiments might evolve.

Four candidate spacecraft are recommended for further study to identify the con-
figuration which most nearly meets all of the requirements. These are:

a. Modified Apollo Synchronous Spacecraft.
b. Synchronous Spacecraft.

c. Dual Mission Spacecraft.

d. Near Earth Orbit LEM Spacecraft.

These configurations are described in the OTAES study report.

Priority should be given to investigation of the LEM Ascent Stage for the OTAES
missions.



10.

11.

12.

13.

14.

15.

16.

17,

18,

19.

A detailed study of the use of the Apollo.spacecraft on a manned synchronous mission
should be undertaken.

Four candidate missions are recommended for the OTAES program. These are:
a manned synchronous mission, an unmanned synchronous mission, a manned low
Earth orbit mission and a single launch dual mission combining the unmanned
synchronous and manned low earth orbit missions.

A portion of this investigation should be cost effectiveness studies of these alterna-
tives and of the effect of sequentially performing the proposed experiments.

‘These mission and spacecraft candidates should be investigated for the purpose of

determining an optimum OTAES preliminary program plan.

An OTAES technical plan should be developed which will describe the tasks required
in the following OTAES phase and a plan for accomplishing these tasks.

An OTAES preliminary facility plan should be developed which defines the nature
and extent of the facilities required to accomplish the OTAES objectives.

An OTAES preliminary test plan should be developed which indicates the nature and
extent of test and checkout activity necessary to accomplish the OTAES objectives.

An OTAES preliminary schedule should be prepared which will establish a feasible
timing for OTAES development and will identify the critical paths in the develop-
ment and the urgency of timing of the specific development tasks.

Begin funding of prerequisite IR&D efforts related to OTAES flight experiments
based on indicated long-lead technologies.

An OTAES preliminary cost plan should be developed which will indicate the cost
of the OTAES alternatives.

There should be continued definition of the projected optical technology needs in
each of the application areas of astronomy, earth remote sensing, meteorology,
and optical communications.

Initiate a study to identify those technologies not in specific support of flight experi-
ments to complement the optical technology associated with flight experiments which
results in further OTAES studies.

It is recommended that an overall optical technology program plan be explicitly
detailed. This plan should indicate the relationship of space experiments and re-
lated ground based tests to other programs including those which do not include
space testing.

Generate a study which indicates the impact and relationships of all other NASA
optical technology development efforts on OTAES. These impacts and relation-
ships should be expressed in terms of cost and time savings.
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20.

21.

22,

23.

24,

25.

26.

217.

28,

29.

Although the experiment concepts described in the report are feasible, they are
not necessarily optimum. In particular, a consideration of alternatives which
would enhance the overall OTAES probability of success (insure maximum
technological data) is needed. A series of conditional probability analyses are
needed which, when assembled, will relate success in all flight phases (launch,
injection, experiment, etc.) with mission, spacecraft, and experiment grouping
alternatives.

Specific elements of the above generated reliability estimates should be compared
to reliability estimates for accomplishing the technological experiment objective
directly in the application without the intermediate step. Such a comparison would

" yield a quantification of the OTAES technological gain.

The technology advancements required to attain long range goals are of such
magnitude and complexity that a technological quantum jump approach does not
appear feasible., Consequently, space experiments are not only necessary to at-
tain otherwise unavailable technological data but are also recommended to provide
a logical step insuring continuous technology advancement toward future national
space needs.

It is recommended that the high reliability standards of the manned space program
be maintained in all the space science areas through the development of optimum
technology so as to insure maximum national support of these future potential space
guals, '

The development of experiment justification should be continued and further supported

by the new analyses recommended as necessary in the continuation of OTAES work.

The feasibility of implementing some of the recommended experiments should be
explored in greater detail. For instance, a control and stabilization simulation,
a dynamic analysis, and a thermal analysis should be performed on the integrated
configurations developed in this part of the OTAES study.

Since the experiment availability is largely paced by the telescope development
early design definition of the telescopes is recommended. Again this points out
the early need for the analysis in the previous recommendation.

The influence of contaminate particle size and distribution on the mirror charac-
teristics should be determined so the extend of degradation can be estimated.

More detailed analyses are required to determine the exact influence of thruster
location on the performance of solar cells, optical viewports, sensors, and optical
subsystems in the telescope well,

A detailed analyses of secondary batteries that will be used in the system, the
power conditioning, and distribution subsystems should be initiated; and there
should be further detailed study in the area of the power system, experiment
interface, and the power system spacecraft interface.
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30.

31.

32.

Once the mission profile is established a study should be undertaken to determine
the size and type of ECS storage system for pressurizing the modules, cabin, and
the telescope wells. If a large number of repressurizations are necessary, a study
should be conducted to define what savings, if any, can be realized by pumping
down the compartments prior to venting.

A detailed analysis of the contributing factors leading to spatial resolution de-
gradation should be performed.

Further definition of OTAES support requirements is needed such as the ground

station, data handling, etc.

33.

Further definition of the man/experiment interface is necessary to coincide with
the level of experiment conceptual detail and the integrated experiment groupings
developed in Part L
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